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Various workers  have r epor t ed  t h e  observat ion of I 
very s h o r t  pu l se s  i n  t h e  decametric r a d i a t i o n  from J u p i t e r ,  
It is  p o s s i b l e  t h a t  pu l se s  of t e r r e s t r i a l  o r i g i n  cculd have 
been confused with Jovian r a d i a t i o n ,  Thus i& is  the  purpose 
of t h i s  r e sea rch  t o  observe, t o  i d e n t i f y  conclus ive ly  and 
t o  s tudy  t h e  na tu re  of these pu l ses .  
Observations have been made of t h e  i e f t -  and r i g h t -  I 
handed components of t h e  pulses ,  which have a r b i t r a r i l y  
been c a l l e d  I-pulses ,  a t  1 6 ,  1 8  and 2 2  Mc/s and of t h e  t o t a l  
power a t  14 and 26 Mc/s. A minimum t i m e  r e s o l u t i o n  of 7 m s e c  I 
w a s  obtained with a n  e ight-channel ,  e lectr ic  w r i t i n g ,  high 
speed recorder  system. I n  a d d i t i o n  t o  t h e  c r i te r ia  usua l ly  
accepted f o r  i d e n t i f i c a t i o n  o f  Jovian r a d i a t i o n ,  p o l a r i z a t i o n  
and bandwidth have been used t o  d i s c r i m i n a t e  t h e  I -pulses  
from s t a t i c  pu lses .  An 18  M c / s  phase-switched i n t e r f e r o n e t e r  
and an 1 8  M c / s  n u l l  antenna w e r e  used a s  an a d d i t i o n a l  means 
of v e r i f y i n g  t h a t  J u p i t e r  was a c t i v e  wh i l e  I -pulses  were 















The I-pulses have been observed t o  have du ra t ions  
as s h o r t  as or s h o r t e r  than 1 0  mec wi th  d i f f e r e n t  forms 
of grouping during an event,  The I -pulses  w e r e  found t o  
be c o r r e l a t e d  with System 111 longi tude  on J u p i t e r ,  being 
m o r e  c l o s e l y  a s soc ia t ed  with "sources" B and C than  t o  
"source" A.  
w e r e  narrow banded and polar ized  i n  much t h e  same way as 
normal Jovian r a d i a t i o n .  Se lec ted  events  showed s i m i l a r  
axial  r a t i o  d i s t r i b u t i o n s .  
The n u l l  region D was a l s o  shown. The I -pulses  
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In 1955 while observing the Crab Nebula at 22 Mc/s 
with a Mills Cross antenna, Burke and Franklin' detected 
a discrete scurce cf r a d i ~  noise xhich moved s l w l y  
in right ascension during the course of several months. 
They found that at all times when the radio noise was ob- 
served, the position of the planet Jupiter coincided with 
the position of the radio source. Thus it was discovered 
that Jupiter is an emitter of strong decametric radio 
radiation. 
a .  . 
Further observations have shown that the radiation 
occurs intermittently in events or radio storms that may 
last from a fex minutes to several hours. These events 
consist of "bursts" of radiation which, by definition , 2 
have separations of one second or longer. 
mendations for Standardization of Reporting Procedures , 
the letters L, N, and S are assigned to the bursts according 
to their duration. These classifications, to which we have 
Following Recom- 
2 
arbitrarily added the classification "I-pulse" for bursts 
shorter than SO milliseconds, are summarized in Table 1. 
For purposes of discussion, all Jovian radiation except 
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TABLE 1 
NASA CLASSIFICATION O F  BURSTS ACCORDING TO THEIR DURATION 
Character  of Emission Suggested NASA N a m e  
C l a s s i f i c a t i o n  
B u r s t  Type Tim? Scale  
i n  seconds 
V e r y  s h o r t  L e s s  than 
0.05 
1 I 
1 S S h o r t  0.05 - 0.2 
N o r m a l  0.2 - 2.0 2 N 
3 L Greater than  
2.0 . 
Observations have been made a t  f requencies  f r o m  
4.8 . M c / s  t o  38  Mc/s with the  p r o b a b i l i t y  of occurrence 
be ing  g r e a t e s t  f o r  f requencies  below 20 M c / s .  The r a d i a t i o n  
has been found t o  be  narrow banded w i t h  bandwidths froin 
about 0 . 1  M c / s  t o  2.0 M c / s .  
d i a t i o n  has been s t u d i e d  q u i t e  ex tens ive ly  and has been 
The p o l a r i z a t i o n  of t h e  ra-  
found t o  be  mostly e l l i p t i c a l l y  po la r i zed  wi th  a predominant 
p a r t  i n  t h e  right-handed sense.  
An e a r l y  s t a t i s t i ca l  s tudy  by Shain', us ing o l d  
g a l a c t i c  records ,  showed t h a t  there is  a c o r r e l a t i o n  between 
t h e  r a d i a t i o n  received and the  r o t a t i o n  pe r iod  of t h e  p l ane t .  
T o  demonstrate this c o r r e l a t i o n ,  Shain p l o t t e d  per iods  of 
1 






meridian on J u p i t e r  a t  the t i m e  of observa t ion ,  The cor- 
r e l a t i o n  w a s  made both f o r  System I and System I1 longi tudes  
which are def ined  fo r  the e q u a t o r i a l  reg ion  and remainder 
of t h e  p l a n e t  respec t ive ly" ,  It  is f a i r l y  obvious f r o m  
F igure  1 t h a t  t h e r e  appears t o  be a reg ion  o r  ' source '  on 
t h e  p l a n e t  w i th  which t h e  r a d i a t i o n  is  as soc ia t ed .  This 
source  seems t o  d r i f t  i n  t i m e ,  nega t ive ly  for  System I1 
and p o s i t i v e l y  for  System I ,  A new longi tude  system, Sys- 
t e m  I11 or  XIII,  based on r a d i o  observa t ions  has been 
def ined  6'7 (epoch 1957-0) wi th  a pe r iod  of gh 55m 29737. 
When t h e  number of events  i s  summed f o r  each 5O 
i n t e r v a l  of longi tude  it appears t h a t  t h e r e  may be t h r e e  
.or f o u r  sources  of r a d i a t i o n  on t h e  p l a n e t ,  
able t h a t  the sources  a r e  n o t  180° wide as would be ex- 
pec ted  f o r  an  i s o t r o p i c  r a d i a t o r  l o c a t e d  on t h e  p l ane t .  
Thus t h e  r a d i a t i o n  may have i t s  o r i g i n  below some r e f r a c t i n g  
m e d i u m  such as t h e  magnetosphere and may be r e f r a c t e d  o r  
beamed i n t o  cones by it. 
It i s  not ice-  
I n  1 9 6 4 ,  Bigg8 found t h a t  t h e  Jovian  moon Io  has 
. s o m e  effect  on t h e  r a d i a t i o n  f r o m  J u p i t e r ,  H e  p l o t t e d  t h e  
depa r tu re ,  i n  degrees,  of Io  f r o m  s u p e r i o r  geocen t r i c  con- 
junct ion** a g a i n s t  an a r b i t r a r i l y  de f ined  a c t i v i t y  index. 
*The v i s i b l e  d i s c  of J u p i t e r  c o n s i s t s  of cloud b e l t s  
w i th  varying r o t a t i o n  periods.h Thg average rotationmper.&ods 
of  t h e  regions mentioned are  9 50 305003 and gh  55 40 .632  
r e s p e c t i v e l y  . 
crosses the Ear th-Jupi te r  l i n e  on t h e  f a r  side of J u p i t e r .  





18O027Oo36O0 90° 180° 
1951 t'< 
4 AUG. 2 
SEPT. 304 t 
-- 
* -  
.-I- .- 20 
30 
OCT. 1 
LONGITUDE (SYSTEM a 
Oo 90° 180° 27Oo36O0 SOo 180° 27Oo36O0 
1951 r a a I a 1 a 1 L 
0 
SEPT. 301 1 
-- . I M  
I L 
30 
QCT. 1 ,  
Fig. 
radio L\;rsts 
1--Central meridian 1 o ~ g i t u d e . s  on J u 2 i t e r  when 
w e r e  being received (Snain5)  . u 
5 
It w a s  found t h a t  when Io  is  70° t o  l l O o  and 220° t o  270° 
away from conjunct ion t h e  r a d i a t i o n  i s  g r e a t l y  enhanced. 
This  s a m e  c o r r e l a t i o n  study has  been made f o r  o t h e r  of 
J u p i t e r ' s  moons b u t  the r e s u l t s  have n o t  been very conclu- 
s ive  , 9 
I n  1956, Kraus" repor ted  the observat ion of very 
s h o r t  pu l se s  t h a t  appeared t o  be i n  t h e  r a d i a t i o n  from 
J u p i t e r .  These pu l ses  had a du ra t ion  of about  t o  lo-* 
seconds and t h e r e  seemed t o  be some r e g u l a r i t y  i n  t h e  way 
i n  which the pu l ses  w e r e  received, They appeared t o  arrive 
i n  p a i r s  o r  t r i p l e t s  with sepa ra t ions  up t o  one second, H e  
p o s t u l a t e d  t h a t  t h e  pulses  had t h e i r  o r i g i n  below a Jovian 
ionosphere and t h a t  a pulse  would be  seen t w o  o r  m o r e  t i m e s  
due t o  t h e  fact  t h a t  it would be r e f l e c t e d  a t  t h e  Jovian 
ionosphere and a t  t h e  s o l i d  su r face  of J u p i t e r .  
G a l l e t "  also reported observing pu l ses  w i t h  a very 
s h o r t  dura t ion .  These he a r b i t r a r i l y  c a l l e d  S-pulses as 
d i s t i n c t  from pu l ses  of durat ion t w o  seconds o r  longer  which 
w e r e  r e f e r r e d  t o  as L-pulses*. G a l l e t ' s  S-pulses might be 
rece ived  on one frequency and L-pulses on another  or one 
frequency might be  i n a c t i v e  while  t h e  o t h e r  was ac t ive .  The 
pu l ses  showed a considerable  tendency toward grouping and 
i n  between groups p r a c t i c a l l y  no p u l s e s  w e r e  p re sen t .  A group 
of  L-pulses may l a s t  f o r  some minutes whi le  a group of S-pulses 
may l a s t  frorn t e n  t o  twenty seconds. 
. 
*This is  n o t  - the NASA c l a s s i f i c a t i o n  
6 
Observations of mil l isecond pu l ses  have also been 
made by Riihimaa" a t  t h e  Univers i ty  of Hels inki ,  I n  1 9 6 4  
Riihimaa r epor t ed  the observat ion of t h r e e  n p i p  storms" on 
the days September 22,  29,  and October 30. I n  t h e s e  events  
the pu l ses  had h igh  i n t e n s i t i e s ,  appeared f irst  i n  t h i n  
groups which inc reased  i n  dens i ty ,  and f i n a l l y  decreased 
aga in ,  t h e i r  occurrence varying from a few t o  a f e w  hundred 
per minute. Very of ten  t h e  pu lses  exh ib i t ed  bandwidths 
narrower than t h a t  of the spectrograph i n  use,  and w e r e  
ga thered  i n t o  bands t h a t  d r i f t e d  ac ross  t h e  ope ra t ing  range, 
always negat ive ly ,  a t  r a t e s  varying from 100  t o  125 K c / s  per  
minute. The in t e r f e romete r  he was using had d e f l e c t i o n s  of 
proper phase when a group with s u f f i c i e n t  dens i ty  c rossed  
i t s  ope ra t ing  frequency. The p u l s e s  w e r e  observed i n  the 
absence of i n t e r f e r e n c e ,  w i t h  J u p i t e r  i n  t h e  r ecep t ion  beam 
o f  t h e  antenna and with no s i g n  of p o s s i b l e  malfunction of 
equipment. Observations of s h o r t  p u l s e s  have also been re- 
po r t ed  by Olson and Smith13, a t  t h e  Univers i ty  of F lo r ida ,  
I n  September, 1965, D r ,  E .  E.  Baar t ,  on l eave  from 
Rhodes Universi ty ,  South Afr ica ,  came t o  F l o r i d a  S t a t e  Uni- 
v e r s i t y  t o  conduct an experiment t o  s tudy  these  very s h o r t  
pu l se s .  A t  t h i s  t i m e  considerable  doubt e x i s t e d  a s  t o  
whether o r  n o t  t h e  pu lses  w e r e  of Jovian  o r i g i n ,  
i n g  observa t ion ,  pu lses  of t e r r e s t r i a l  o r i g i n ,  s i m i l a r  t o  
Often am- 
t h e  mi l l i second pulses  descr ibed he re ,  are de tec t ed  by t h e  















knot;m as atmospherics o r  s t a t i c ,  could have been confused 
wi th  J u p i t e r  r ad ia t ion .  
made a t  t h i s  t i m e  w i t h  s u f f i c i e n t  t i m e  r e s o l u t i o n  t o  measure 
the dura t ion  of the pulses ,  and the p o i a r i z a t i o n  of t he  I- 
pu l ses  had n o t  been s tud ied  unambiguously. 
Very few observa t ions  had been 
It is t h e  purpose of this re sea rch  t o  observe,  t o  
i d e n t i f y  conclus ive ly ,  and t o  s tudy  the n a t u r e  of these  
pu l ses  and t h e i r  r e l a t i o n  t o  the longer  t i m e  s t r u c t u r e  of 






Observations of I -pulses  w e r e  made a t  1 4 ,  16, 18, 
22 and 26 Eiefs, The antennas w e r e  of t w o  types:  b roads ide  
arrays and crossed five-element Yagis. A broadside a r r a y  
c o n s i s t s  of a number of half-wave d ipo le s ;  t h e  d i r e c t i v e  
c h a r a c t e r i s t i c s  as w e l l  as t h e  o v e r a l l  ga in  depends upon 
t h e  number and conf igura t ion  of t h e  d ipo le s ,  t h e i r  s e p a r a t i o n s ,  
h e i g h t  above t h e  ground and feeding arrangements. Figures  
2 and 3 give t h e  conf igura t ion ,  s epa ra t ion  and number of  
&poles  and t h e i r  beam p a t t e r n ,  
observa t ion  made, t h e  h e i g h t  above t h e  ground, the ga ins  
and the periods of observat ion for  each antenna. Information 
on t h e  design,  cons t ruc t ion  and feeding arrangements of 
a r r a y s  may be found i n  a publ ica t ion  by t h e  American Radio 
Relay League , 
T a b l e  2 gives  the type  of 
1 4  
The Yagi antenna is commercially produced and i s  
shown wi th  i t s  beam p a t t e r n  i n  F igure  4 .  The f i r s t  t h r e e  
e l e m e n t s  on t h e  Yagi are directors,  t h e  n e x t  i s  t h e  r ece iv ing  
e l e m e n t  and t h e  l as t  i s  a r e f l e c t i n g  element. The rece iv ing  
element i s  an e l e c t r i c a l  1/2 wavelength long and is  separa ted  
from t h e  r e f l e c t i n g  e l emen t  and t h e  t h i r d  d i r e c t i n g  element 
by about 1 / 4  wavelength. Information on t h e  Yagi i s  a l s o  
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Fig. 4--Yagi type a n t e n n a  axd i t s  beam pat tern.  i g  
4-3 
The 18 M c / s  phase-switched in t e r f e romete r ,  which 
is n o t  included i n  Figure 2 or  3,  c o n s i s t s  of two broadside 
a r r a y s  wi th  a sepa ra t ion  of 1 6  wavelengths. 
ration of each array and sepa ra t ions  between t h e  d i p o l e s  
is t h e  same as t h a t  of t h e  east-west elerr.er?,ts of the II! M c / s  
polar imeter  shown i n  Figure 3 .  
antenna i s  n o t  f e a s i b l e  t o  r e p r e s e n t  s i n c e  it con ta ins  27 
narrow lobes which a r e  3’15 w i d e  nea r  t h e  v e r t i c a l  and which 
widen slowly toward t h e  horizon. The envelope of t h e  lobes 
has  t h e  shape of t h e  east-west beam p a t t e r n  of t h e  eas t -  
west’elements of t h e  18 Mc/s po lar imeter  areay. 
above t h e  ground, ga in  and t h e  d a t e s  of observa t ion  wi th  
t h e  antenna are shown i n  T a b l e  2. 
The configu- 
The beam p a t t e r n  of t h e  
The he igh t  
Receiving and recording 
The p o l a r i z a t i o n  observat ions a t  1 6 ,  1 8  and 22  N c / s  
w e r e  made using t h e  method of  Barrow” i n  which t h e  s i g n a l  
is  taken f r o m  t w o  or thogonal ly  po la r i zed  antennas and f e d  
through a hybrid t o  t w o  r e c e i v e r s  as shown i n  
F igure  5. This  avoids  u n c e r t a i n t i e s  t h a t  might a r i s e  f r o m  
switching techniques b u t  has t h e  disadvantage t h a t  t h e  
receivers may have d i f f e r e n t  gain c h a r a c t e r i s t i c s  and it 
i s  more d i f f i c u l t  t o  balance t h e  outputs  f o r  a range of 
d i f f e r e n t  s i g n a l  l e v e l s .  The s i g n a l s  from t h e  1 8  Nc/s n u l l  
antenna, 1 4  M c / s  broadside a r r a y  and t h e  26 Mc/s Yagi a r e  














Fig. S--Schematic 6iagram for the polarimeter 





A schematic diagram of t h e  1 8  M c / s  phase-switched 
i n t e r f e r o m e t e r  c i r c u i t  is  shown i n  Figure 6. A half-wave 
of cable is e l e c t r o n i c a l l y  switched a l t e r n a t e l y  i n  and o u t  
of one feed and the  r e c e i v e r  ou tpu t  synchronously reversed,  
By this  means, it is poss ib l e  t o  suppress  r e c e i v e r  g a i n  
f l u c t u a t i o n s l  - s o m e  t ypes  of i n t e r f e r e n c e  2nd the g a l a c t i c  
background’’. The switch frequency i s  3 4 0  c/s. I n  o r d e r  
t o  i d e n t i f y  s t a t i o n  type  i n t e r f e r e n c e ,  t h e  receiver had an 
e l e c t r o n i c  frequency sweeping device which swept a s m a l l  
bandwidth of 1/2% about t h e  c e n t e r  frequency with a pe r iod  
of t w o  minutes. 
The s i g n a l s  from a l l  of the antennas except  the 
18 M c / s  phase-switched in t e r f e romete r  w e r e  recorded both on 
a high speed electric w r i t i n g  Brush recorder  with varying 
speeds and t i m e  cons t an t s  (Table 3) and an ink w r i t i n g  
E l l i o t t  recorder  w i t h  a cha r t  speed of 6 i n / h r  and t h e  
c o n s t a n t  0.25 s .  The s i g n a l  f r o m  t h e  18  X c / s  i n t e r f e r o m e t e r  
w a s  recorded only on an E l l i o t t .  
equipped wi th  a DC ampl i f i e r  and thus  could u t i l i z e  the smal l  
s i g n a l  from t h e  d e t e c t o r  s t a g e  of the r ece ive r s .  
o f f e r s  t h e  advantage of a more stable s i g n a l  f o r  which t h e  
t i m e  c h a r a c t e r i s t i c s  have changed very l i t t l e .  The s i g n a l  
for t h e  E l l i o t t  recorder ,  which r equ i r ed  more power t o  
ope ra t e ,  was taken from the  audio s t a g e  of each receiver. 
The Brush recorder  was 
This  s t a g e  
Since t h e  measurement of the dura t ion  of t h e  I -pulses  






Fig. 6--Schernatic d i a q r a m  f o r  t he  1 8  Xc/s phase- 






- I  
17 
w a s  given t o  t h e  problem of f i n d i n g  t h e  optimum t i m e  
cons t an t s  and c h a r t  speeds for  s tudying  d i f f e r e n t  types  
of a c t i v i t y .  As shown i n  Table 3 ,  t h r e e  d i f f e r e n t  re- 
corder t i m e  cons t an t s  were used y i e l d i n g  t h r e e  d i f f e r e n t  
minimum measurable p u l s e  widths. The p u l s e  w i d t h s  w e r e  
TABLE 3 
OVERALL TIME CHARACTERISTICS O F  HIGH SPEED RECORDING SYSTEM 
Char t  ‘Nominal Recorder MinimumMeasured Purpose 
Speed T i m e  C o n s t a n t  Pu l se  Width a t  
Half Height 
25 cm/hr 10 28 ms General continu- 
ous recording 
1 0  mm/sec 5 13 ms Normal events  
50 mm/sec 2 7 rns I -pulse  events  
ob ta ined  by ope ra t ing  the Brush wi th  t h e  chart speeds shown 
and feeding a very s h o r t  p u l s e  through t h e  t i m e  cons t an t  
c i r c u i t  t o  t h e  recorder .  
measurable p u l s e  width is t he  s m a l l e s t  t h e  r eco rde r  would 
T h e  va lues  given fo r  t h e  miniinum 
show under t h e  cond i t ions  given, 
e lec t r ic  w r i t i n g  r eco rde r  allowed 
could n o t  have been obtained w i t h  
The f a s t  response of t h e  
t i m e  r e s o l u t i o n s  t h a t  




I OBSERVATIONS Observations w e r e  u sua l ly  nade f o r  a per iod of 
four hours each s i d e  of J u p i t e r ' s  local meridian t r a n s i t  
w i t h  only t h e  18 Mc/s s t e e r a b l e  Yagi antenna i n  use  t h e  
first t w o  and l a s t  t w o  hours. T a b l e  2 lists t h e  per iods  
du r ing  which J u p i t e r  was observed for  any s i g n s  of I -pulse  
a c t i v i t y .  The d a i l y  e i g h t  hour per iods  of observat ion 
l a s t e d  f o r  a g r e a t e r  p a r t  of a Jovian revolu t ion ,  so t h a t  
throughout t h e  e n t i r e  appa r i t i on  a l l  longi tude  reg ions  of 
J u p i t e r  w e r e  observed for  approximately t h e  same length  
of t i m e .  There w e r e  18 events  t h a t  contained I-pulse  
a c t i v i t y  o u t  of a to ta l  of 9 2  even t s  t h a t  contained any 
t y p e  of a c t i v i t y .  Table 4 g i v e s  t h e  d a t e s  of t h e  I -pulse  
even t s  a s  w e l l  as t h e  X I r I  r eg ions  for  which they occurred. 
An observer w 3 s  on duty a t  all t i m e s  during the  
pe r iods  of observa t ion  t o  monitor t h e  r ece ive r s .  For 
normal monitoring, when no a c t i v i t y  w a s  being rece ived ,  t h e  
Brush recorder  w a s  run  a t  25 m / h r  w i t h  a t i m e  cons t an t  of 
10 m s e c .  This y i e lded  a c lean  t r a c e  on which any s i g n s  
of a c t i v i t y  would be r e a d i l y  not iced .  When it was suspected 
t h a t  some Jovian r a d i a t i o n  was being rece ived ,  t h e  c h a r t  
speed was increased  t o  1 0  mm/s and t h e  t i m e  cons t an t  was 
reduced t o  5 m s e c .  These va lues  of c h a r t  speed and t i m e  
* 1 8  
TABLE 4 
DATES AND XIII REGIONS OF EVENTS CONTAINING I-PULSES 
D a t e  Event Duration I-pulses  
B e g i n  End B e g i n  End 
November 21, 












































































































c o n s t a n t  w e r e  re -a ined  un il I-pulse  ac t iv , ty  w a s  suspected. 
A t  t h i s  t i m e  t h e  chart speed was increased  t o  50 mm/sec and 
t h e  t i m e  cons t an t  reduced t o  2 m s e c .  This  arrangement 
a l h w e d  a minimum t i m e  r e s o l u t i o n  f o r  t h e  pu l ses  of about  
7 iiisez. The tine constants and chart speeds are l i s t e d  i n  
Table  3.  
The c r i t e r i a  adopted for t h e  i d e n t i f i c a t i o n  of t h e  
I-pulses  w e r e :  
1. 
2, 
3 .  




8 .  
J u p i t e r  must be within t h e  r ecep t ion  beam of t h e  
antenna. 
The genera l  recorder must show a deftlection t h a t  
is c l e a r l y  v i s ib le  above t h e  background noise ,  
The s i g n a l  must not  tune o u t  over  a small band- 
width of about  0,25 M c / s .  
The s i g n a l  might be expected t o  be narrow Sanded 
i n  compzrison t o  s t a t i c  pu l se s  which have Sand- 
widtAs of s e v e r a l  N c / s .  
The s i g n a l  must not be i d e n t i f i a b l e  as of terres- 
t r i a l  o r i g i n .  
The s i g n a l  might be expected t o  show a d e f i n i t e  
p o l a r i z a t i o n  i n  a s i m i l a r  manner t o  t h e  long t i m e  
s t r u c t u r e  of Jovian r a d i a t i o n .  
The in te r fe rometer  r eco rde r  must show d e f l e c t i o n s  
of proper  phase. 
The s i g n a l  must not be received by the n u l l  antenna 
which has  a zero  of r ecep t ion  over  an angle  of 
about  2 0 °  each s i d e  of t h e  v e r t i c a l .  
These c r i t e r i a ,  except  4 and 6 ,  are based upon those  normally 
used f o r  genera l  observat ions of J u p i t e r  and have been 
1 9  l i s t e d  i n  p a r t  by Barrow . 
21 
Examination of Table 5 will demonstrate that Jupiter . 
was in the beam pattern of the antennas when the I-pulse 
radiation was received. This table lists the time away 
from transit of the beginning and ends of the events. It 
will be noticed that all of the events except two occurred 
within three hours of transit. Those that occurred three 
hours after transit were received by the 18 Mc/s Yagi antenna 
which could be directed to any part of the sky. There were, 
however, signs of activity being received by the 16 Mc/s 
Yagi antenna, which was pointed at the zenith, as much as 
3 1/2 hours after transit during the event of January 29, 
1966. 
The first is that the beam pattern is, in practice, wider 
than that given by the manufacturer in Figure 4 ;  the second 
and more probable is that at low angles the receivi~q element 
which is perpendicular to the Earth-Jupiter line acts as a 
dipole with an almost circular beam pattern with the dipole 
as center. 
There are two possible explanations of this problem. 
To satisfy the requirement that the deflection of the 
recorder due to the radiation must be clearly visible above 
2 
the background noise, a value of three times the REIS noise 
is taken as a criteria for minirnum intensity of the I-pAses. 
Intensity, however, has not been a problem in identification 
















TIME AWAY FROM JUPITER'S LOCAL MERIDIAN TRANSIT 
FOR BEGINNING AND END OF I-PULSE EVENTS 
~ 
Date Time away from Transit 
Begin End 
N o v e m b e r  21 
28 
30 
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t h e  pu l ses  had an i n t e n s i t y  many t i m e s  g r e a t e r  than  t h e  
minimum requirement. 
Tuning t h e  receiver over a smal l  bandwidth w a s  
effective i n  d iscr imina t ing  between normal Jovian r a d i a t i o n  
al;d a distant radio s t a t i o n  which can sometimes sound very 
s i m i l a r ,  b u t  tun ing  t h e  r e c e i v e r  could n o t  a i d  i n  i d e n t i f y i n g  
very s h o r t  pu lses .  Auto i g n i t i o n ,  l i g h t n i n g  and powerline 
r a d i a t i o n  are common pulses  w i t h  a s h o r t  dura t ion  bu t  have 
c h a r a c t e r i s t i c  sounds which are e a s i l y  i d e n t i f i e d .  Atmos- 
p h e r i c s ,  o r  s t a t i c  pu l se s ,  which sound very similar t o  
I -pulses ,  can n o t  be i d e n t i f i e d  as e a s i l y .  
c r i t e r i a  f o r  d i s t ingu i sh ing  I -pulses  from atmospherics 
are p o l a r i z a t i o n  and bandwidth. The p u l s e  marked s t a t i c  
i n  Figure 7 has  a bandwidth of much more than 4 Mc/s and 
e x h i b i t s  no apparent p o l a r i z a t i o n  whereas a l l  of t h e  o t h e r  
p u l s e s  on t h e  records a r e  po la r i zed  a t  least  p a r t i a l l y  and 
none appear simultaneously on m o r e  than  two f requencies .  
The s t r o n g e s t  
The phase-switched i n t e r f e r o m e t e r  was n o t  e f f e c t i v e  
i n  i d e n t i f y i n g  t h e  I-pulses bu t  it was conclusive for  
i d e n t i f y i n g  t h e  longer  time s t r u c t u r e  Jovian r a d i a i t o n .  
The E l l i o t t  recorder  on which t h e  s i g n a l  from t h e  i n t e r -  
ferometer was recorded used a c h a r t  speed of 6 i n / h r  and 
a t i m e  cons tan t  of 0.25 sec.  
r ece iv ing  and switching e l e c t r o n i c s  was 0 . 1  sec, so t h a t  



















Fig. 7--High speed records con ta in ing  a wide-bandsd 








a s i n g l e  I-pulse would hardly be r e g i s t e r e d  by t h e  recorder .  
Thus a dense g q u p  of pu l ses  l a s t i n g  as long as 5 n i n u t e s  
would be requi red  t o  give a c h a r a c t e r i s t i c  r eco rde r  p a t t e r n ,  
There w e r e  n ine  events  containing I-pulses  which occurred 
whi le  t h e  in te r fe romPter  xas ir; operation, Figure  8 is a 
good example of an in t e r f e romete r  record of an event  w i th  
a long dura t ion  and f a i r l y  h igh  i n t e n s i t y .  Figure 9 has  
been included as an example of an E l l i o t t  recording of a 
normal event.  
I *-a 
-- 
The n u l l  antenna w a s  e f f e c t i v e  i n  i d e n t i f y i n g  cnly a 
s m a l l  amount of r a d i a t i o n  a t  18 M c / s .  Due t o  a l i m i t e d  
number of r ece ive r s  a v a i l a b l e  the n u l l  antenna was n o t  i n  
use during t h e  e n t i r e  appa r i t i on  and t h e r e  were only t h r e e  
even t s  t h a t  contained I-pulses a t  18  pYIc/s w h i l e  t h e  antenna 
w a s  i n  operat ion.  I n  these events  t h e  r a d i a t i o n  w a s  no t  
rece ived  by t h e  n u l l  an tenna .  W e  w i l l  see l a t e r  t h a t  
c o r r e l a t i o n s  w i t h  t h e  p o s i t i o n  of t h e  Jovian moon I o  and 
t h e  r o t a t i o n  per iod of J u p i t e r  are o t h e r  arguments i n  
favor 0 f . a  Jovian o r i g i n  f o r  t h e  I -pulses ,  
1 
1 







Fig. 8--"ypical record of interferometer  f r inges  
F i g .  9--Typical recon? of a normal event  
D I  S CUSS I ON . ,  
L i s t e d  i n  T a b l e  3 a r e  t h e  d a t e s  of a l l  t h e  I-pulse 
even t s  wi th  t h e  corresponding values  of AIII for  t h e  I-pulse  
even t s  and the normal events during which t h e  I -pulses  
occurred. I t  w i l l  be  not iced from t h i s  t a b l e  t h a t  t h e  
I -pulses  tend t o  begin a f t e r  t h e  s t a r t  of a normal event  
and t o  cease before  t h e  normal event  ends. 
November 21,  1965,  an event occurred which contained I-pulses  
only.  
On one occasion, 
I n  gene ra l ,  t h e r e  appears t o  be  t h r e e  ways i n  which 
'I-pulses occur. They may occur  as i s o l a t e d  events ,  o r  
s i n g l y ,  as shown i n  Figure 1 0 ,  wi th  sepa ra t ions  from a f e w  
t e n t h s  of a second t o  s e v e r a l  seconds. Secondly, they may 
occur  i n  groups, t h e  envelope of which has t h e  appearance 
of a normal b u r s t ,  sometimes being grouped so  c l o s e l y  t h a t  
t h e  recorder  s t y l u s  can not r e t u r n  t o  i t s  zero  p o s i t i o n  
between pulses .  This type of  occurrence i s  shown on t h e  
22 M c / s  channels i n  Figure 11. Thi rd ly ,  the I -pulses  may 
appear superimposed on t o p  of a normal p u l s e  as on t h e  1 6  
and 18 M c / s  channels i n  Figure 1 2 .  The I-pulses  tended t o  
occur  s i n g l y  a t  t h e  beginning of an event  and t o  group to- 
g e t h e r  as t h e  event  progressed, becoming less dense again 
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Fig. 10--High speed record of isolated I -pulses .  
Fig.  11--High s p e d  record of grouped I-pulses .  
I 
/ '  I 
t. I Fig. 12--High speed recort! of I-pulses superim- 
posed on normal pulses .  
Fig.  13--High s ~ e e d  record w i t h  I-pulses on 22 
..- 



















on one frequency w h i l e  normal pu l se s  occur  on t h e  o t h e r  
f requencies  as shown i n  Figure 13, 
The dura t ions  of about 700 I -pulses  have been 
measured and a histogram of the number of pu l ses  f o r  each 
10 msec i n t e r v a l  has  been prepared. F igure  1 4  shows t h a t  
almost a l l  of t h e  pulses  have dura t ions  less than  50 msec. 
Since t h e  amount of d a t a  is so l a r g e ,  one t y p i c a l  event  
and a s i n g l e  frequency was chosen fo r  t h i s  h i s togran .  
However, d a t a  from another event  have been examined and 
I 
t h e  r e s u l t s  a r e  s i m i l a r .  
A histogram has been prepared f o r  t h e  number of 
-events a g a i n s t  each So i n t e r v a l  of XIII. The h i s  togram, 
shovn i n  F igure  15, has been prepared for I -pulse  event.s 
and f o r  a l l  events .  T h e  histogram for  a l l  events is very 
s i m i l a r  t o  h i s tog rans  t h a t  have been made f o r  a l l  previous 
a p p a r i t i o n s  of J u p i t e r  with t h e  t h r e e  c h a r a c t e r i s t i c  source 
reg ions  and t h e  region of no e m i s s i o n  which have been 
designated D ,  B ,  A and C f r o m  l e f t  to r i g h t  on t h e  h i s -  
togram. The histogram f o r  I -pulses  .is s i m i l a r  t o  the  
his togram for a l l  events except  t h a t  t h e  I -pulse  events  
s e e m  t o  be more c l o s e l y  r e l a t e d  t o  t h e  subsidary scurces  
B and C than t o  t h e  main source A. I t  i s  a l so  s i g n i f i c a n t  
t h a t  t h e  n u l l  region,  D ,  is p r e s e n t  i n  t h e  his togram f o r  

















16 Pdcls R.H. 
IO 20 30 40 58 60 70 80 90 100 
DURATION IN MILLISECONDS 
Fig. 14--Distribution of I-pulse durations. 
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F i g .  15--Histo3rams of I-pulse events  and all 
events €or system I11 longitude. 







the i d e n t i f i c a t i o n  of t h e  I -pulses  as o f - J o v i a n  o r i g i n ,  
It i s  extremely u n l i k e l y  t h a t  r a d i a t i o n  of terrestrial 
o r i g i n  would be correlated w i t h  t h e  r o t a t i o n  per iod  of 
J u p i t e r  . 
Histograms of t h e  number of even t s  a g a i n s t  t h e  
depa r tu re  of Io  from supe r io r  geocen t r i c  conjunct ion have 
been p resa red  similar t o  those in t roduced  by Bigg 8 . 
I -pulse  histogram i s  based on only 18 pe r iods  of a c t i v i t y ,  
The s t a t i s t i c s  a r e  n o t  as good a s  those  f o r  t h e  X I I I  h i s t o -  
grams s i n c e  t h e  revolu t ion  per iod  of Io  is approximately 
The 
f o u r  t i m e s  t h e  r o t a t i o n  per iod  of J u p i t e r ,  and thus  only 
one f o u r t h  as many r evo lu t ions  of Io  w e r e  observed as  
r o t a t i o n s  of J u p i t e r .  However, t h e r e  does appear t o  be 
s o m e  tendency fo r  t h e  I-pulses  t o  e x h i b i t  t h e  same kind 
of c o r r e l a t i o n  a s  t h a t  found by B i g g .  The histogram which 
w a s  made using t h e  normal even t  d a t a  obta ined  i n  t h e  1565 
a p p a r i t i o n  a l s o  appears t o  show some c o r r e l a t i o n .  These 
histograms are shown i n  Figure 1 6 .  The c o r r e l a t i o n  of 
t h e  r a d i a t i o n  wi th  t h e  p o s i t i o n  of t h e  moon Io i s  also 
an i n d i c a t i o n  t h a t  t h e  r a d i a t i o n  i s  of J o v i a n . o r i g i n .  
I n  1963, E l l i s  and McCulloch*' p red ic t ed ,  from 
t h e o r e t i c a l  cons idera t ions ,  t h a t  t h 2  a x i a l  r a t i o s  of t h e  
p o l a r i z e d  Jovian r a d i a t i o n  would have a d i s t r i b u t i o n  whose 
peak would be given by t h e  r e l a t i o n  
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Fig. 16--HistogrmLs of I-pulse events  and all events  
for  t h e  depa r tu re  of Io  from s q e r i o r  geocen t r i c  conjunction. 
1 
-I 35 
where am is  t h e  angle  of a p o s t u l a t e d  Jovian  magnetospheric 
emission cone and t h e  minus/plus s i g n s  i n d i c a t e  r i g h t -  
o r  lef t -handed po la r i za t ion  r e spec t ive ly .  
Assuming t h a t  the r a d i a t i o n  is 100% e l l i p t i c a l l y  
polar ized"  and t h a t  the square r o o t  of t h e  combined i n t e n s i t y  
of t h e  g a l a c t i c  background and Jovian  r a d i a t i o n  i s  pro- 
p o r t i o n a l  t o  t h e  r eco rde r  d e f l e c t i o n ,  t h e  equat ion  
2 '2 1 /2  2 2 1/2 - (D2 - G 2 )  (D1 - GI) 
(Dt - G1) 
A =  
1/2 + (D2 - G 2 )   1 /2  
2 
may be used t o  c a l c u l a t e  the a x i a l  r a t i o ,  
are t h e  d e f l e c t i o n s  of t h e  l e f t - and  right-hand p o I a r i z a + '  &ion 
channels r e s p e c t i v e l y ,  and G1 and G2 a r e  t h e  g a l a c t i c  levels 
recorded on each channel r e spec t ive ly .  The n-!!.bers of 
pu l ses  a r e  summed i n  a x i a l  r a t i o  i n t e r v a l s  of iO.l! t o  ob- 
t a i n  t h e  d i s t r i b u t i o n  shown i n  F igure  1 7 ,  
H e r e  D1 and D2 
I n  Figure 18  
a r e  d i s t r i b u t i o n s  by Dowden2I and by Barrow22 u t i l i z i n g  
normal p u l s e  d a t a ,  The agreement between t h e s e  d i s t r i b u t i o n s  
and t h e  I -pulse  a x i a l  r a t i o  d i s t r i b u t i o n  i s  q u i t e  good, The 
* 
A Thes is  being completed by D. P, Morrow a t  
F l o r i d a  S t a t e  Univers i ty  presents  measurements i n d i c a t i n g  
t h a t  t h e  degree of p o l a r i z a t i o n  i s  about 80%.  
I 
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I -pulse  a x i a l  r a t i o  d i s t r i b u t i o n s  a l s o  have the same gene ra l  










Fig. 17--Distribution of I-pulse axial ratios. 
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CONCLUSIONS AND SUGG_ESTIONS FOR FUTURE WORK 
The r e s u l t s  of t h e  experiment show conclusively 
t h a t  t h e  I-pulse  r a d i a t i o n  h a s  i t s  o r i g i n  a t  J u p i t e r .  
'The r e s u l t s  may be summarized as follows: 
1. 
2, 
3 .  
4: 
5 ,  
6. 
J u p i t e r  was i n  t h e  beam p a t t e r n  of t h e  antennas 
when t h e  r a d i a t i o n  w a s  received. 
The I -pulses  w e r e  no t  received by t h e  n u l l  antenna. 
The p o l a r i z a t i o n  of t h e  I-pulses  was s in i l a r  t o  
t h z t  of t h e  normal r a d i a t i o n  with +&e a x i a l  r a t i o s  
having a s i m i l a r  d i s t r i b u t i o n  f o r  t h e  examples 
considered. 
The I -pulses  w e r e  narrow banded i n  cumparison wi th  
s ta t ic  pulses  of t e r r e s t r i a l  o r i g i n .  A s i n g l e  
I -pulse  w a s  never observed wi th  a bandwidth a s  
g r e a t  as 4 M c / s  whereas s t a t i c  p u l s e s  have a band- 
width much g r e a t e r  than 4 M c / s .  
The I-pulse  r a d i a t i o n  was c o r r e l a t e d  wi th  t h e  rota- 
t i o n  per iod  of J u p i t e r .  
w a s  t h e  absence of r a d i a t i o n  i n  t h e  X 111 reqion 
from 20' t o  100'. 
P a r t i c u l a r l y  s i g n i f i c a n t  
The I-pulse  r a d i a t i o n  appeared t o  be c o r r e l a t e d  wi th  
t h e  per iod  of revolu t ion  of t h e  Jovian moon Io. 
Although t h e  I-pulse r a d i a t i o n  i s  of Jovian  o r i g i n ,  
t h e  r e s u l t s  do n o t  show where t h e  r a d i a t i o n  ga ins  i t s  I -pulse  
s t r u c t u r e .  
a r e  a l t e r e d  i n  t h e  i n t e r p l a n e t a r y  medium? 
s t r u c t u r e  o r i g i n a t e  a t  J u p i t e r ?  
o r i g i n  as t h e  t i m e  s t r u c t u r e  of t h e  normal r a d i a t i o n  o r  does 
it have an o r i g i n  of a d i f f e r e n t  na ture?  
D o e s  t h e  r a d i a t i o n  o r i g i n a t e  as long b u r s t s  t h a t  
D o e s  t h e  I -pulse  
I f  s o ,  does it have t h e  same 
I 40 
It is  be l ieved  t h a t  much of t h e  f i n e  s t r u c t u r e  of 
t h e  normal r a d i a t i o n  comes from s c i n t i l l a t i o n s  i n  t h e  e a r t h ' s  
ionosphere and/or the i n t e r p l a n e t a r y  medium. Evidence for  
ionospher ic  s c i n t i l l a t i o n  is ~ o n s i d e r a b l e ~ ~ ,  as several 
spaced s i te  experiments have shown. 
l i t t l e  c o r r e l a t i o n  between si tes,  wi th  whole groups of b u r s t s  
be ing  observed a t  one s i t e  ant! n o t  a t  another ,  A t  o t h e r  
t i m e s  t h e r e  is p a r t i a l  c o r r e l a t i o n  with b u s t s  t h a t  appear 
a t  one s i t e  being g r e a t l y  d i s t o r t e d  a t  t h e  o t h e r  and on 
o t h e r  occasions t h e r e  i s  p e r f e c t  c o r r e l z t i o c  even f o r  b u r s t s  
w i t k ;  du ra t ions  on t h e  order  of l o e 2  sec. 
suggested t h a t  d i f f r a c t i o n  could be a cause fcr t h e  f i n e  
s t r u c t u r e  . 
A t  t i m e s  t h e r e  is very  
I t  has  a lso been 
2 4  
Examination of t h e  XIII histograxi, F i su re  If, shows 
t h a t  t h e  I -pulse  r a d i a t i o n  appears t o  be as soc ia t ed  w i t h .  t h e  
subs idary  sources  B and C r a t h e r  than wi th  the main sccrce A .  
Radiat ion f r o m  a narrower source should produce g r e a t e r  
s c i n t i l l a t i o n  i n  much t h e  same way as stars twinkle  whereas 
p l a n e t s  do not .  There i s  some q u a l i t a t i v e  evidence i n  
a d d i t i o n  t o  t h e  XIII p r o f i l e  t h a t  t h e  r a d i a t i o n  nay be from 
narrower source reg ions ,  The I -pulses  a r e  u s u a l l y  much more 
i n t e n s e  than normal pu l se s  when both  are p r e s e n t ,  which may 
i n d i c a t e  t h a t  t h e  I -pulses  o r i g i n a t e  i n  a region with a 
s t r o n g e r  magnetic f i e l d .  
be expected a t  higher  l a t i t u d e s  on J u p i t e r ,  
A s t r o n g e r  magnetic f i e l d  would 

















I '  
-1 
4-1 
h ighe r  l a t i t u d e s  would be  narrower and would produce more 
i n t e n s e  r a d i a t i o n .  
fo r  15.7 M c / s  normal r a d i a t i o n  by E l l i s  and McCulloch 
shows t h a t  s l i g h t l y  m o r e  i n t e n s e  r a d i a t i o n  comes f r o m  sources  
B and C. 
I11 A graph o f  r e l a t i v e  power a g a i n s t  X 
20 
A study of t h e  a x i a l  r a t i o  d i s t r i b u t i o n s  may l e a d  
t o  t h e  answer t o  t h e  l a s t  quest ion.  As mentioned i n  t h e  
in t roduc t ion ,  a b u r s t  i s  def ined a s  a p u l s e  o r  group of 
. p u l s e s  separa ted  from o the r  p u l s e s  Sy one second or more. 
If t h e  I -pulse  s t r u c t u r e  i s  modified ncrmal r a d i a t i o n ,  t he  
axial. r a t i o  of each group o r  b u r s t  of pu lses ' should  be 
represented  by t h e  most i n t e n s e  pu l se  of t h e  group. I f  t h e  
i n d i v i d u a l  a x i a l  r a t i o s  d i f f e r  g r e a t l y  from t h e  a x i a l  r a t i o  
of t h e  group, then  it might be i n f e r r e d  t h a t  t h e  pu l ses  
o r i g i n a t e  ind iv idua l ly ,  o r  i f  t h e  a x i a l  r a t i o s  do riot vary 
then  t h i s  could be taken as evidence t h a t  I -pulses  a r e  
modified no,mal r a d i a t i o n .  
Fur ther  work w i t h  I -pulses  n i g h t  include:  
1. Axial  r a t i o  d i s t r i b u t i o n s  f o r  s e v e r a l  events from 
each of t h e  longi tude reg ions  A,  B and C t o  de t e r -  
mine i f  t h e  v a r i a t i o n  i n  t h e  peaks of t h e  d i s t r i -  
bu t ions  are c o n s i s t e n t  w i t h  t h e  p r e d i c t i o n  of E l l i s  
and McCulloch and t h e  width of t h e  reg ions  given 




















2 .  
3. 
4. 
5 .  
4 2  
Measurements t o  compare t h e  power of t h e  I-pulses  
w i t h  that  of t h e  normal r a d i a t i o n ,  This  could 
g i v e  some i n s i g h t  t o  t h e  Jovian l a t i t u d e s  of the 
sources  assuming t h e  d i f f e r e n t  types of r a d i a t i o n  
have t h e  same or ig in .  
A spaced s i te  experiment t o  determine whether or  
n o t  the I-pulse s t r u c t u r e  is as soc ia t ed  with t h e  
earth's ionosphere.  If I - ~ u l  spq are ~bserved si- 
multaneously over a wide base l ine ,  they  could be 
conclus ive ly  d i s a s s o c i a t e d  wi th  t h e  e a r t h ' s  iono- 
sphere.  
A. ----:- 
Accumulation of more d a t a  f o r  t h e  X histograms 
t o  determine if t h e  I -pulses  a r e  ac$&$lly more 
c l o s e l y  r e l a t e d  t o  sources  E and C or i f  t h e  re- 
l a t i o n  w a s  caused by a l ack  of s u f f i c i e n t  d a t a  i n  
t h e  past  appa r i t i on .  
S t a t i s t i c a l  ana lys i s  of all t h e  I -pulse  events  
r a t h e r  than  selected events .  
C lea r ly ,  much work remains before  t h e  r e l a t i o n  between 
I -pulse  r a d i a t i o n  and normal r a d i a t i o n  can be d e f i n i t e l y  
e s t a b l i s h e d .  
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